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COMPUTATION OF VELOCITY AND PRESSURE VARIATION ACROSS AXISYIMMETRIC THICKiTURBUI.ENT STERN FLOWS

By

Thomas T. Huang and Ming-Shun Chang
David W. Taylor Naval Ship Research and Development Center

Bethesda, Maryland 20084

Abstract

When the curvature of a ships surface is Neither the measured valoes of eddy vlsco-

large and the stern boundary layer is thick the sity nor the mixing length were found to be pro-

cross-stream inviscid velocity and pressure portional to the local displacement thickness or

variation becomes important in stern boundary the local boundary-layer thickness of the thick

layer computations. The second momentum axisymmetric boundary layer. The measured mixing
equation is of the form length of the thick stern boundary layer was

3n the local cross-section area of the turbulence

region 191. This simple similarity hypothesis

for the mixing length and the displacement body

where is the curvature of the stern flow, whlit concept has been incorporated into the IDouglas
is different from the surface curvature of the body, C-S differential boundary-layer method ill1- by
u is the velocity along a streamline, p Is the Wang and Huang ill. The method pred ict sat I-
pressure, and p is the mass density of the fluid. factortly the measured mean velocity distribut ion
Two viscous-inviscid interaction computation proce- for the boundary laver flows of five set 'idelv
dures are presented. One uses a mariting technique different axisymmetric body shapes and has ,in

in a natural streamline coordinate system together used as a reliable design tool.
with the k-F turbulence model to solve the axi-
symmetric Reynolds-averaged parabolized
Navier-Stokes equations for the streamline velo- Nakayama, Patel, and landw ,br {12, I+.

city u, flow angle a, curvature x, and hence the and Dyne (141 do not use the displacement body
pressure p. The numerical procedure starts at a method to solve the interaction problem. In all

station on the body where the boundary layer Is of the methods, the flow field is divided into
thin and marches downstream Into the wake. The an inner viscous region composed of all or part
boundary conditions for the values of u and p of the flow in the body/wake domain and an outer
over the Inlet plane and along a cylindrical potential flow region. Differences arise in the
stream surface outside the boundary layer/wake equations used to solve the viscous flow and the

are set by the appropriate values obtained from manner of defining the inner and outer regions.
the other simple viscous-inviscid interaction Dyne uses the integral approach of Iead 115, to
computations using a modified thin boundary layer calculate the boundary layer flow over the forebody.
method and potential flow calculations about an Over the stern of the body and in the near wake,

equivalent displacement body. Comparisons are he uses a differential approach which approximately
made between the numerical results and the accounts for the curvature and normal pressure
experimental data for four different sterns, variation effects. An important feature of his
Comparisons of measured axial and radial velocity approach is that the boundary layer equations are

and pressure distributions and those computed by solved along streamlines, which leads to a simpl1-

the simple Interaction approximations and partially fication in the form of the equation. Also, no

parabolized techniques have been made. The simple distinction needs to be made between flow over
and efficient viscous-inviscld procedure for the the body and in the wake. In the approach by
computation of velocity and pressure variations Nakayama, Patel, andi andweber, integral relat ions
across thick turbulent stern flows has been shown involving conservation of momentum and coet iuit

ti, be a<l(rate enlough to ise as a prel iminary are used to relate the momentum area and st ream

lesjn tool. function at the body-wake junction. Patel and Lee

I. Introduction {l6l present some results for a different ial
approach which includes all of the irv'tuti reeffects.

Many propellers and appendages are located A sodi if ied d isplacement-body method ha;ed on a

insitl of stip ;tern boundary layers. Therefore, simplt pressure mapping has been appl itd to axi-

it is essential for naval designers to obtain a fun- sy'mmetric bodies by loffman 117 . The part ial lv

damtntal tinderstailding and an accurate predict ions parabolI ii flow assumpt ions have btoi ised to
of this pec ial class of extertal thick turbulent s;olve a,:isvmetric flow problems b, Mhraooi 18.
stern flows. A s,.rles t f experiments has been il Chien and Patel {19} and for three-dimensional
condutiotel at David W. Taylor Naval Ship R&D Center flow past surface ships by Chen and PattI i1)9 and
toi det ,rmine the i oifqle turoutlenct stricture and Hiuraoka (211. An efficient streamlinti-iteration
viscois-inviscil interaction( of thick axisymmetric metoild with a two-eqtat ion k-, tirbulonie model has

:1,2. 1. ,ind simple tltree-dimenslonal 5,6.7 ster len developeid by Z111t (21 tE) compute turbuletnt
l[lw,;. rhe .ighthill 8, displa 'tement body conept flow around axisivmmetric sternt;.

ha s heen provn exper imentalI v th be an accurate
,ippruach tor comput ing viscous-inviscid stern flow A numerical mcthod using a partially parabo-
int trait ion. the mcasurthd stat ic pressure dist ri- lit marching techntiqte in a streaml inc toordimate
,tt ion, on te hotv and itross the ent Ire boundary

layers were predicted by the displacement body
method to an accuracy within one percent of dynamic
pressure.



system and the k-( turbulence model has been 2 2

developed by Hogan 122) to compute the turbulent uV - Vo a

flow at the stern and the wake of bodies of revo- T;yi
lut ion. This method uses the modified Douglas - 0.0168 Ytrf (Ue-u)dy = 0.168 Ue6py (3)

C-S method (3,fll to provide the initial conditions 0 0

at the upstream plane and the boundary conditions
at a large distances outside of the boundary Ytr [ [I + 5.5 (y/6)

6
]-I

laver.
In this paper, the simple modification of - Klebanoff's intermittency factor

the Douglas C-S computation method (101 will be
,pdated and summarized. Hogan's (22 partially O. 21.2 [ 6/) 32I30"66"
.irabolic marching tech-nique and the k-f tur- =o 0.169 exp 306

hulcnce model will also be reviewed and improved. 
""-""

The cross-stream pressure distributions and mean = the mixing length in the outer region of the

velo ity distributions computed by these two methods thick boundary layer, 6>-0.23ro
will be compared with the experimental data.

If. Simple Viscous-Inviscid Interaction Method o r A ro
for Axisymmetric Stern Flows

0 the mixing length in the inner region of

This method is an updated version of the thin and thick boundary layer.
m.thod described in References 3 and II. The Douglas
C-s method 101 consists of using Keller's box

l'..eme to solve the following set of partial dif- A= 26v ( L-- , damping length
ferentlal equations expressing conservation of

momentum and cont inu it y.

6* o (1 - u dy ,isplacement thickness
iu + iu P Jo (planar definition)
s+ v -

- u6 = 6995 ,boundary layer thick-

tsr(v --r 0 )] () ness where u/Ue == s y --y 0.995

~(ru) + y(rv) = 0 (2) Ue is the inviscid (edge) velocity used in the

where u and v are the mean velocity components thin boundary layer calculations

in the s and y directions, respectively
Tw is the wall shear stress

s,y are the coordinates parallel and normal
to the body meridian, respectively, yc is the value of y at which \i V o

is the fluid density The flow in the wake is modeled by the

following differential equation for momentum,
p is the pressure on the body which is simply the boundary-layer equation with

skin friction neglected
r ro (s,n) + y cos a

dQ + (h+2) 
L 

dUe = 0 (5)
ro Is the bodU rdius d-e U dx

-1 where Q o =f6 14 - rar momentum area
a o 

= 
tan V x o l!~

x Is the axial distance measured from the -A fa (I - IL rdr displacement
nose o Ce area

v Is the kinematic viscosity of the fluid
h = A/N , axisvmmetric

' ,v' are velocity fluctuations In the a and y shape factor

directions, respectively
Granville 1231 proposes the following equation

u- v is the Reynolds stress relating h to Ue "

The above equations are the standard thin bounh ( _)[n (o/Ie) 1 l)
darv layer equations with the addition of the I n + U
transverse curvature effect, where r replaces the
body radius ro. Effects due to longitudinal cur- where the subscript t denote, condit ionsa ti th '

vature K and pressure variation across the tail and Q is a variable coefficiOnt, for which

boundary layer are neglected. Granville recommends an average vill:c of 7.

A measure of the viscous mass-flux deficit
The Reynolds stress u v is modeled by in the thick axisvmmetric boundary laver Is

defined by

)u = i (r ) ( ) for inner region, fro r )  rr- [ro Ur(o) rlr(
73

.. Go Ux(ro)A :f r [ ... _  r(r .-..

-r.- . -. . . .... . -



where ro is the local body radius, 6r* the axi- the final solution is taken to he the average of
svimietric displacement thickness, 6 the boundary the values given by the last two Iterations.
laver thic-kness at which ux(r)/Ux(rJ = 0.995, u5 The method of using a blowing velocity distri-
the, axial viscous velocity, Ux the axial inviscid bution is used for the final potentilal flow
velocity, r = ro+ycos~t,0 , and ux - ucosotv-vsinn0 . computat ion. The invist id velocity components
Thus t he axisymmetric displacement thickness and pressure coefficients across the ent ire
Jetinmed in equat ion (7) becomes thick boundary layer ac, then computed.

* ~ (One obvious defect of the thin boundar-- 1.r e
= V2.~r~ (8) Equat ions (1) and (2 is ti ssumpt ion of i i

a constant pressure across the hotinilrv liver icI
large values of v , where Itie, Veloc it v. ci)mpiient -

if te vaiation f ivised veociy U5 (r)parallel to the body tangent is equal tii
toss t lie h-iudary layer is assumed neigl igible. coi.Iier*tleciputevleofi

tol lowing tEighthill 's .8 der ivat ion, the boun- anproache to e inise id vect oasi I lareI.
datre laver displacement effect can be represented isedo '1s,.ivtebssi ag

It- a tirt, istibu io onthesuraceof he collection of stern boundary-laver ilato ill I
I- itIrcit, diuestringonthe sufaeoth the invise id infl uences on the I, *rpiteil tangin-

tial velocity It is adljusted by

2 r0 m = 4 2mt xro)] U, = u(V)isU v- - LimA (I

dr (t + ~--r2 llJ.(xr.)l 9
2,dx r oJ O where umn is thle improved taongent ial velic ityv fur a

thick lioundarv laver, uIU, - f' is the noodimen-
P li i euit blowing, velic it y on the body is tiiinal tangentiaol vVlocity predicted by the thin

t ill ithiuundrv-layer eqiot ions (I) and (2) , and tl o is
thle free-stream veloc ity, it ton-I 1' (x)/ V (x)'1,

- r yIri 1 2r - r2 ] Ux(. r)* (10) 1~ (t~r2+ix2 ) /2 , 
1

tr. Ilx are the total,
radial and axial invise id veloc it ies calculated by
the final iteration of the potential-flow coumputa-

The blidiidr'. lover equaltions (1) and (2) with t ion using the blowing velocity dist ribut ion. Equa-
lie mol it ild mix iii length and i-div viscosity t ion (11) shows that near thle boilv where y ,

!,, iel -it,-r rk,.iu ii i a lithick boundary lacer fit to, p tie, and um, it. At the edge if the houndaury
i"Ii il I plit iiti (I) are iueil tii silvy, the meain laver, where i/i'e. I and
--li- it v umtipiuient sii anu %. The axial anil

rii il veluic itv -empuni-nt, are resolved by umn-l~o(u- 1
, s i ti and v r - is in i + veosi, teepee- "o

t r."I% , h I'l di,,ilacesl-it body,. the correspond ing
-Ic ,, andl thle blowing vieloiil are, uomputed the subscript deuiotes uiant it le, at t lie
I. .rd iiig to Equat ions (8) , (9), and ( 10) .edge of the boundary layer. As y I V' p Ito

11, -'0, and um/Uo I, cos uc* Thus, the mioidifieid
The- moimentumn area )iI lie tar wake I,-ain he tangent ial veloc ity Um, has thle propeir ativisptot ic

.. ! r-m iniiuIv hequal img t lie net rote iif miiment um value 110 cosIt far from the body. Tlhi, simple
I, ;,ut th loIiw tit thli toutal urak onl thle body, adjustment Is an improvement over tin i boundary..
I!, ulispul auement are . cii IeI de termined by layer theory where U/I!0 -Je/lJ 0 as y

iluiii ()) anid 00i iii terms iii the conditions
in -uIt, ive-n it ti.- t.i il anud~l~ o r at x Tme corrected normal veloc ityv call be

';t i.ir walle. Ii liet iiiir wake regiin,* where obtained from the cont me it c Equiat ion 12) . The~ vIt ih liiiuudar- Liver Iluat ions (I) aiid (2) adiumstmiunt of Li using formula (11) iv; made itiitu
Iwilu- mull -I 'i.t iiiii Ofi atni i6) inormal v-directli o i hnoe Ij littl litit ,it tiu
0 tII I I- piul'iuflilal l5iil variatlion of ii in the s-irteelui, i.-., 4rium/ I

-- pIr, iii ii u. itim uls l (rli) /,s. It 1,iJlwe; I risn buuiut ion I!') ndI t i
If1 u -t , Iil. no ' ii iit , X I hundaty condlitiiin that 1=uu,1  v-Il it -1i) Vii 111,,

I,, I.- Iiist ru-am reqi~i red, where, % is th lii- itml v,-u liit % , il-il it i-il

rat iii p lot whenever fliiw separat ion li subst ituiting ii into F(iliiat lioii (.') ad ii -1iii1
l i ill.,-v til d-lpI l-mu-iut nuirfate smaller than the valum ,-I

- -i ii i- I ii , i hottcomIngv if t his silphi-
- -- i I lilt - 1 ,iI li Jriui,.(-luire, wiu I-hi Thii axial Ind rail ia i c lilti it it , ii nil %,

I II i I i I 1 1, 111 a lt .TI , ai, irtti hImj steul fur lIi tit Ihuic- :ti-rn liiduhr-- 1., .11 .-
- -- -. ii I l~t Ii ioii . c titi I~v

lit Iiit pr-i-u-insitng ouIt aluitu-

- iii! il i-H A it -uuIl" m uir- oiter

- in I- i I. J v ii I ri i in Ill. rm t- i I, r it, i-u li, - -

, F ontit,.'et i I i i c-i i lIi-uit- , , it t ion

If - d xlii it i,tii-u, i ll igrie tI,

rIt ,n., -u-ri I i t, ii in i-c lltutr mmli,



Vr itto + v coso where !x sin x, dr = costi, dr = sini

Uo i", 1o dn ds dn ds

(13)
- t-i• - v Ue - d = and dj = rUdn - rU (cosuidr-sinAdr)USoivisdo + ds R

lo Ue UO The transformed Equations (14) and (15) in the A
(x, T$) coordinate system are

where f u/1, and v/lie are the final solutions
oftrhe thin boundary layer Equatitons (1) and (2) IT Cost 211+ e lusing the average values of ie obtained in the x O xr ; [
last two iterations of the viscous-inviscid

calculation. The inviscid velocity U =

Ux
2

+ Ur2)f and the inviscid flow angle ta1  sia_ it Ir 2  
U 1 - U sin i I

tan- (r/11) are computed from the final r a1x e p : e ax
potential-flow computation with the blowing velocity
distribution, equation (10), on the original body
surface, wherc Vr and Ix are the inviscid radial + V (19)
and axial velocities, respectively.

Ill. A Computation Procedure for the Parabolized U2 cos. 2 = sin: - r U L 22-(20) c
Reynolds Equa ions in Axisymmetric Flow Lix
USinkStreamline coordinates and the k-c
Turbulence Model The turbulent eddy viscosity VT in Equation

(19) is modeled by the two k-c equations
governing the interaction of the turbulence with

The natural coordinate system shown in Fig. the mean flow. The turbulence kinetic energy is
I is one In which one coordinate s lies along defined as k = >4u /2, and the turbulence
the streaml ne and the other two n,4 are normal energy dissipation is defined asr=tC1ui/xm)
to the streamline (Liepmann and Roshko 1241). For (Iui/

2
xm). It is assumed that the eddy viscosity

axisvimmetric flow, )/0 = 0 where a/a0 = 0 is in is determined by dimensional analysis as
the azimuthal direction for axisymmetric flow. In
the Reynolds-average Navier-Stokes equations, the k 

2

diffusion terms along the mean streamline direction \'T - (21)
are usually very small and are neglected, the
Revnolds equations with such an approximation are The k- equations developed by Hanjalic and

launder 1251 can be written in the (s,n) coor-

C 1 2 1 ii [% j dinate system as

"e + r (14) V
2 1  

LLir K+ (2' .ik (22)Is k "T:/i n/ a

.( = I 5 () and

r hi e , t tal mean velocity along the I1 j_ ' i r , +- Cl + c / (2\ 2 )
.1 r. is in. .. r.t i n , n is thfie distane normal ... r n......k 1

I tf h i m" itt rio l ine;, r is, the r 'lliil distance

rn t i, i 1, i,; It itean pressure, t

i i etc
1 

.t r, s - . nImI in, with th1e x-a i ,

. i,, thI, rn I,'itlr kinemati " i,' - -

. ii T i .th t r tlent 't v i ,'' it,. A

r arim lt t Ii, -I , i det I trl, tI ,ax si vmmctri I

Al I the turbulence diffusion terms in [qtpat i'ons
I, r I' n I1h0 (22L and (23) have been neglected except tie term

(,'2 - v'2) ,,/ _s (k/1 ) ,,/ Is in te tttritt ,nc,.

f , , h t r.ii-,t rm.ii ioi ofI tihe proltt't ion.li aniI i" and Latindur 25 r .c r-

vi ' . it. (.., Itt ,,rlinai. s;ste -m ini he nend tIh, retention of this term to implia ;i t
d I it id ,I th , wI,1-wtic I h, role of irrotat ion;il detormt t'n: in pro-

I it i 1 mot ing energy traitsI er, The. contn ,

2, (3, A and ,, as given 1- 1linijil it' al d 0
'i ' I ) '. ., (17) t.ilnder 259 1 are 11.0)9, 1.44, 1.1,, 4.4'. 1.) , jliW"

"* ' , 's ' I. 10, respect ivel v. The t ransformat ion ot I lie 4-
tqui it ins (22) intl (U ) into ti lt,, (x,) t -,rdin. t o

- , + - rl *() -,l it / lin t t'Mt'm has been male ILV illg;iin 22 ttSinc t"',tl It I.t

- 16) . .... . .... .... ... . . ..... . . .......



3k ~~~3rT V~~~kl ~where the values of I, .~,ad~/yaeotie
U co 

5 -- ' sin x- from the final iteration of the simple viscous-*)X r x k axJ inviscid interact ion corsputat ions. The lower

boundary in the computation domain Is the stream
surface 2. which lies along the body's surface

si r 2~ 1eI k and alngr-0 in the wake. The boundary conditions
51.0 s 1  e ~on q,-.0 in the wake are rit-O, and 3

lJ/a .3p/30.
r Il k 'JWii'./d=. The boundary conditions on the body

(1jo~ at t-0) are r-r 0 . U-0, i~ = '10 = tan'' (dr,)fdx),

r - and the ,ondition for pressure provided by equation

I± in tii + u e1 .i (0

2 ix in 'ix in

't~to obtain the boundary cond it ions for .and k is

eimated by equat ions (26i) and (27) on the body

1U Ci ).However', tevalues oftand k are not
1/3 k cos _ - ,(24) taken at the wall but at a small distance from

)x the wall (usually nu*/v = 50) where the inner

region (if the mixing length .:nd eddy viscosity

in I 1 0.4 r Vn I)~ - exp [-~ In()]

1and (28)

r xT oA

is valid. nm-ia acii r~tit a[r, An (2t) oand (2)wtinteprtIlI aa
been de'veloped by logan 22 t -olv, ii iis~ (19),

f low assimpi ion that Ih lie nconsitit preii.'lri
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Figure 6 -(Continuied)
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Figure 3 -(Continued)
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TwWall shear stress Subscripts

IP Stream function e Value of Inviscid velocity used for thin
boundary-layer/wake computat ion

frOuter streamline grid number r Rda ieto

Momentum area defined in equation 5
t Value at trailing edge of the body

00 Momentum area (if thle far wake
x Axial direction

6 Value at the outer edge of the boundary
layer
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NOTATION

Cp Coefficient of pressure p - po v Mean velocity component normal to the

l/2 0
2  body meridian

v Turbulent velocity in the y- or n-
Cl Numerical constant in the k-c model - 1.44 direction

C, Numerical constant in the k-c model - 1.90 vr Mean radial velocity

C.3 Numerical constant in the k-c model = 4.44 w' Turbulent velocity in the 0 direction

Cp C Numerical constant is the k-c x Coordinate measured along the axis of
model - 0.09 the body measured from the nose

k Turbulent kinetic energy xb Beginning x-station of the partially

L Length of the body parabolic k-c calculations

y Mixing length y Distance measured from the body surface
normal to the body meridian

tl Mixing length in the inner region of
boundary layer defined In equation (4) yc Value of y at whch vj - vo or ti o

o Mixing length in the outer region of a Angle of streamline with the x-axis

boundary layer defined in equation (4) (11 Angle of inviscid streamline with the
x-axis

n Distance measured normal to the mean

streamlines o Angle of body surface with tie x-axis,
po = tan

-1 
(dro/dx)p Mcan pressure

ptr Klebanoff's intermittency factor defined
Po Upstream pressure in equation (3)

R Radius of curvature of a streamline 6 = 6995 Boundary layer thickness - position

where the velocity is 99.5% of the
Re  Reynolds number of the flow = UoL/V) potential flow velocity

r Radial distance measured from body axis 
6
r Radial distance of boundary layer thickness,

rma x Maximum radius of the body 
Sr =

rr Axisymmetric displacement thickness defined
ro Body radius in equation (8)

s Distance measured along a streamline or c Turbulent kinetic energy dissipation
body meridian C

(3 Azimuthal angle
U Total mean velocity along the streamline

direction K Longitudinal curvature J.

U, Inviscid (edge) velocity used for thin A Displacement area defined in equation (7)

boundary layer computation
V Molecular kinematic viscosity of the fluid

Vo  Free-stream velocity

V Total inviscid velocity = (U
2 x + U2r)l/

2  ve Total effective viscosity = + T
p r

dv r Inner eddy vicosity defined in equation
(rr Inviscid radial velocity (3)

['x inviscid axial velocity vo  Outer eddy viscosity defined in equat ion

(3)
u1 Mean velocity component parallel to the
body meridian VT Turbulent eddy viscosity

11 Turbulent velocity in the s-direction , instant fluid diensitv

Um Modified value of u defined in equat ion Ok Turbulent Prandtl number used in the
(I1) k equat ion = 1.0

i
5  

Mean axial velocity Ttirho lint Prandt[ numher used in the

eqoit in - I. 30
u, Frict ion velocitv = (tw/,)

9i
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Extensive measurements of the pressure surface and is about twor p-rceVnt near t lie body.
field were made for the flows past Models I and Only near the very tail end of the body areti(
5 (Huang et al. [3,41. Comparisons of the com- parabol lzed Naviier-Stokies calculatitons found to
puted with thle experimental pressure fields for model the flow bt it(r tha-n tie( simple method.
the two bodies. are given in Figures 2e through The preici('on of roirfat-e pressure roeff~cients
3e. The computed pressure profiles and the and fr'r ion velocit ies, normalilzed axial and
exper imental pressure fields for Model I (Figure rail LiI e. ocit les and cross-st ream pressure co-
2 e) are within 1. 51; for Model 5 (Figure 3e) the iff i(-hots art' in close agreement with the expert-
results differ by 2%. The computed pressure mental data for four models having attached flows.
profiles agree very well with the experimental Except f or t Ire ;urfacu friction veloiies near
results above the boundary-layer region. thi ItIail ind of (t Iii body, an oiverallI agreement of

the above quant itites by the two computat ion methods
The differences between the computed pressure iris Iiitin obitained. 'fll- devieloped s.imple anid if-

coefficients by the two methods are all less f icivnt v iscoiis- inv isr id int erac t ion computat ion -
than It outside the displacement surfsce and prirrilir iran he iseid is at (isign toiol tri (ompirti
less than 2% near the body. This indicates t hi. i-russ-st ream veloc ity anid presiri var jot ion
that the simple viscous- inviscid interaction aicross thre thick steirn boiindary laver fur ariiv
Computation procedure using the displacement pract jr-al naval appl icationns.
body concept and the revised mixing length
correctly deterined the essential features of
the thick stern boundary layer. Only near the Aclaole dement
very tail end of the body, the parabolized lhiiiiht ial phase of this paper was funded
N.-S. calculations are found to model the flow ruder tie by vid W. raylor Naval Ship Researchi
btteT than the simple Interact ion procedure And Duevelorpment Intoer's Inodependent Research
(Fig. lb and 3c) . Chen and Patel 1191 have also 'ro)ranl, Prl'riram Element 61152N, (ask Area
obtained verv good results in the toail region of /102 1(1101 aiid ifINSRIit; Work 1Inits 1542-103(FY84),
the Model 5, by their parabol ized method. l)42-1410.

The resiilt s oft the turbiulent k inet ic energy li1U ruthors woulId like to thank Mrs. Nancy
calcurlat ions for Model I and Model 5, together Crovis t hr (ier assistance in the proparation of
with experimental results, are given in Figure 6. this paper, whit i was supported by the General

* Tile agreement of the computed kt with the experi- Hydrodynamics Research Pirogram, Pirogram Element
mental dlata is good. These results are encouraging 61153N. Tisk Area 58(1230101, ixiNSIIJC Work Unit
andl indicate that the wise of thle inner mixing 420.
length with the k- L model gives a good approxima- 14-i~J
tion to the turbulent field. In tile wake, the References
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TABLE I FLOW AND BODY GEOMETRY PARAMETERS lies slightly above the experimental pressure
_____ -_____ -distributions of less than 3%1 at xfl. 0.95. The

I. r, u Re shape of Model B Is characterized by a sharply
(in) (in) (mis) sloping stern region (Figures Sa, 5b. and Sr).

L_____I The values of the surface angles near 90%at the stern

Model 1 3.066 0.1398 30.48 6.60 x' 106 caused some numerical difficulty for the parabolized
N.-S. computer code. However, good agreement

Model 5 2.910 0.1398 45.72 9.30 x 106 of the computed wall pressure with the experi-
mental data is obtained, with a maximumn dif-

Model A 1778 0.1778 11.88 2.09 x 106 ference of less than 4%. occurring at x/L . 0.95

(Figure 5c). The sharp decrease in u*
Model B 1.778 0. 778 17.88 2.05 x 106 indicatesa that the flow is nearing separation

las the body sharply turns downward at the tail
______ -(Figure 5b). The differences between the comn-

The numerical results display a thickening of the puted values of u* and cp by the parabolized
turbulent region in the stern/wake regions of the N.-S. code and the simple viscous-inviscid Interac-
flows. The displacement bodies diverge significantly tion code are generally small except near the
from the physical bodies near the stern and continue tail end of the stern.
into the wake with slowly decreasing radii. In Figures 2d, 3d, 4d, and 5d present
Figures 2a and 3a, the computed displacement body detailed comparisons of the computed velocity
and boundary layer thickness are compared to the fields to the experimental results for thle four
values of 6* and 6 obtained from the data of bodies. In Figure 2d, the computed velocity
huang et al. 13,4 1. For both bodies, the profiles show remarkable agreement with the
computed L5* and 6 lie slightly below the ex- experimental data fnr Model I up to thle tail of
perimental results in the stern/wake region, the body. The computed velocities near the
holt, overall, the agreement with the experiments tall and in the wake are also in good agreement
is good. with the experimental resuilts (Figure 2d). The

The distributions of the frictional velo- largest discrepancy occurs Immediately behind
City u* are shown in Figures 2b, 3b, 4b and Sb the body (x/L = 1.0076). Farther Into the wake,
and the wall-pressure coefficiefit c are shown the agreement with experiment Is very good, as
in Figures 2c, 3c, 4c, and Sc for t~e four is evident by the profiles at x/l. -1 1820.
bodies. The pressure distribution computed by Computed and experimental velocity profiles for
thle parabolic N.-S. method for Model I (Figure 2c) Model S are presented In Figure 3d. The
has a large trough at the inflected stern. in this overall agreement with the experimental data
region of the body, the surface and the stream- Is good. Figures 4d and Sd prese~nt thle total
lines near the surface have a marked change in velocity profiles for the flows past Models A
curvature. As the streamlines change curvature and 8. The agreement of the computed veloc ity
from convex to concave, the pressure gradient fi.elds with the experimental velocities I-i verv
changes from adverse to favorahle. Following the good with a maximum difference of lci than 27.
concave part of the stern, tbe streamline cur- Detailed comparisons of the parabolized N.-S;.
vature becomes convex again, with a corresponding calculations and the simple viscous-invi.scid
rise In the pressure on the wall, The computed interaction computations for the four hodic-i
wall shear stress, given by pu,

2
, drops rapidly are shown in Figures 2 through 5. For Model I

in the adverse pressure gradient region of the flow. (Figures 2b and 2r), the u, and cp distrihult ions
Atcompanying the sharp drop in the wall pressure, are in general agreement up to x/1. (10.9S. The
the wall shear stress rises steeply. With the simple method does not predict as steep af drop
final change of curvature of the streamlines at in u* at the concave part of the bondy as dti hel
he tail, if* drops almost to zero. The computed parabol ized N. -S. calcilat ions. In ;tdd it ion,

pressuie distribut ion agrees well with the there Is no trough at the stern in thett ltrt-sii~r-
expterimental data, having a maximum per~entage di1st ribut ion comspute d by thle Simptle met hod (I igtre
d itt erence of 17 of thle total head ot 0 22c) . The veloc itv prof iles comput- id fr Molt-]I
Howeve-r,* th icr mp tte it, di tribt iol b thle (Figuire 2d) from the two method, ir i-cr-s

t- 11 ibol d mthod r.tit- a imallI r .11,1' t hall the For Model '), thle parabol ized N.-S. calt-tlat ion
l--1 erfil,-utoI oittaIitk ft, tail it ot stern, bo-iiitg correct Iv pred ict s th, steepi drop in if, and tiie

ind-r t-sp ist-u illtes it s/I - 0.147. pressure t roogh near the tall end of the -.tei-c
oa mpltf d lo, and up d i-fr ibuf ion, toc Modehl (F Igure 3b) . The velocity prof ite tottpir is on ;

(i crts 11i and iy ) di pla il e same fv' (If for Model 5 (Figure III) demsonst rifte gal ithe
hi Ir i-i %hib-itd ttor Mod. el I . Fxc,-pt fiut- agreevment oit the two methods (within 2"1 . Thei

itt i t -t-fribu toiv b% the ;impll Slot ttd tils - calctilat ions for if* and c~ for Model A (Figuires,
-icier valtie tiln fth c p-r imenti datat for 0I 4ih and 40e demoist rate 'hat tile c-olafjoot; axrie

0. .!r ModI-I ',,I ho, agreement with titi expi-ri- tip to tile tail of ftle bttdy . At the faill, fite, par-
vt-oft1l data i-; ttoti for bit ithtte wall frict ionail t lallIy piarattol ic N.-S. Cal-cult iol oIf 1tile it* dlS-

v0l-cit%. andI t hi ,a Ip Iressure coe~ff iienot. A., I; t ribut ion drops rapidly to zero as opposed to the
-iletit t- the iftovp drop io u* itt thet adverse Simple methodti whtict shows a ;~Ilgii ~t urn. Bot it

pres-sliret-rid itnt reg ion oif thle flow, tile flow attoof pressuire di St ribtit ions tiirn dttwnwardt af th itt,01,
tiii bott-.- is very ne-ar to separat ion at x/I. -with ill paral-itolot N. -S. iressitr ist rittt in

'I ' ) 1, lilt tomptited oo, and wall cp for flow past ri-at-Iing af sI igttv highier mai tim. Tilte cmpt ed
%ll A are given in Figures 3b and 3c. As vt-Incit v profi los for ModlI A ( Figutre- 4d) ire again
ttpoIsnd to, Afterbod ies I and 5 , tile stern of Model conIs t t . Thte compar iios of iot, ind attvelcIt v
A is nort Iinflected . Therefore, over the aft regiont fitr Model B (F-igutre, Sb anti] li) show tilt- iiame
tif th hi-bohs, t ite pressire- gradient rema ins adverse beitavior is dermonst rateti for Moul A.
tip toi t ile tail tf theii hotdv and i* stean iAy decreases
to zero.t Thei comptitedr wall pressure di stribttion
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Figure 7- (Continued)
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